Gastrin releasing-peptide (GRP) is a potent growth factor in many malignancies. Benign prostatic hyperplasia (BPH) is a progressive age-related proliferation of glandular and stromal tissues; various growth factors and inflammatory processes are involved in its pathogenesis. We have demonstrated that potent antagonists of GRP inhibit growth of experimental human tumors including prostate cancer, but their effect on models of BPH has not been studied. Here, we evaluated the effects of GRP antagonist RC-3940-II on viability and cell volume of BPH-1 human prostate epithelial cells and WPMY-1 prostate stromal cells in vitro, and in testosterone-induced BPH in Wistar rats in vivo. RC-3940-II inhibited the proliferation of BPH-1 and WPMY-1 cells in a dosedependent manner and reduced prostatic cell volume in vitro. Shrinkage of prostates was observed after 6 wk of treatment with RC-3940-II: a 15.9% decline with 25 μg/d; and a 18.4% reduction with 50 μg/d (P < 0.05 for all). Significant reduction in levels of proliferating cell nuclear antigen, NF-κβ/p50, cyclooxygenase-2, and androgen receptor was also seen. Analysis of transcript levels of genes related to growth, inflammatory processes, and signal transduction showed significant changes in the expression of more than 90 genes (P < 0.05). In conclusion, GRP antagonists reduce volume of human prostatic cells and lower prostate weight in experimental BPH through direct inhibitory effects on prostatic GRP receptors. GRP antagonists should be considered for further development as therapy for BPH.
H ormonal polypeptides, bombesin (BN) and gastrin-releasing peptide (GRP), can act as autocrine and paracrine growth factors, and regulate cellular growth, differentiation, and apoptosis (1, 2) . Tetradecapeptide bombesin was isolated from the skin of the European fire-bellied toad (Bombina bombina) (3), and subsequently, two mammalian bombesin-like peptides were characterized: GRP and neuromedin B (NMB) (4) . GRP and BN influence the secretion of gastrointestinal hormones, stimulate the release of gastrin and somatostatin, induce pancreatic exocrine secretion (5) , and induce contractions of the smooth muscle of the stomach, gall bladder, uterus, urinary bladder, and prostate (6) . GRP was first shown to be a mitogen for Swiss 3T3 murine embryonal fibroblasts and, subsequently, for a number of normal cell types and cancers in vivo and in cell culture (7) . GRP is now recognized as the prototypical autocrine growth factor, based on the detection of GRP and its receptors in small cell lung carcinoma and other tumors (8) . GRP was shown to stimulate growth of several other types of carcinomas including those of prostate, breast, colon, and pancreas (9) . Three different receptor subtypes for the BN/GRP family of peptides have been described in mammals (10) . Receptor subtype 1 (termed GRP-R or BB 2 ) binds BN, GRP, and GRP antagonist RC-3940-II with high affinity (11) . Subtype 2 (termed NMB-R or BB 1 ) prefers neuromedin B but also shows moderate affinity for GRP; subtype 3 (BRS-3 or BB 3 ) is classified as an orphan receptor because its natural ligand is not yet identified (10) .
We and others have developed antagonists of GRP for the treatment of various malignancies (12, 13) . These antagonists act by blocking the GRP receptors (GRP-Rs). Potent GRP antagonists, including RC-3940-II, have been shown to inhibit the growth of human experimental prostatic cancers and numerous other cancers and to suppress tumoral growth factors such as EGF, VEGF, and basic FGF, and to down-regulate their receptors (10, (13) (14) (15) (16) . GRP receptor subtype 1 has been also detected in normal, hyperplastic, and malignant human prostate tissues and prostatic cancer cell lines (17) (18) (19) (20) .
Benign prostatic hyperplasia (BPH) is a progressive age-related pathologic proliferation of prostatic glandular and stromal tissues (21) . BPH is clinically characterized by prostatic enlargement and lower urinary tract symptoms. There is no completely effective treatment for BPH. Medical therapies include α-adrenergic blockers (lower adrenergic tone), 5α-reductase inhibitors (5-ARIs) (decrease levels of dihydrotestosterone), and combinations. Surgery, usually transurethral prostate resection, is the most effective intervention (22) . New therapies are clearly needed. Despite the vast burden on public health, the pathogenesis of BPH remains undetermined. A variety of growth factors and inflammatory processes are inculpated in its pathogenesis (23) .
BPH can be induced by injections of testosterone (TE) in male Wistar rats (24) . This dominantly epithelial hyperplastic model has been adapted for several studies (25, 26) , including our own (27) (28) (29) . We have previously discussed the limitations of these models of BPH (29) . We also showed that neurohormones including growth hormone-releasing hormone (GHRH) and luteinizing hormone-releasing hormone (LHRH) can act as growth factors in experimental BPH. Potent synthetic antagonists of GHRH and of LHRH cause marked shrinkage of experimental BPH by direct inhibition of prostatic GHRH and LHRH and by suppression of proinflammatory IL-1β, NF-κβ/p65, and COX-2 and various other growth factors and inflammatory cytokines (27) (28) (29) (30) .
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The authors declare no conflict of interest. We observed mRNA for GRP-Rs (NMB-R and GRP-R) and their respective ligands (NMB and GRP) in rat prostates, but the orphan receptor BRS-3 was not present (Fig. 1A) . The protein of GRP-R in rat prostates was detected by Western blot as well (Fig. 1C) . Finasteride (0.07 mg·kg -1 ·d -1 ) and RC-3940-II at doses of 25 and 50 μg/d significantly elevated GRP-R protein by 43.9%, 38.2%, and 50.7%, respectively (P < 0.05 for all), whereas TE did not cause any change in GRP-R levels ( Fig. 1C and Fig. S1 ). Both the human BPH-1 prostate epithelial cell line and WPMY-1 prostate stromal cell line expressed all three subtypes of GRP receptors and ligands (Fig. 1B) . We confirmed the expression of GRP-R in BPH-1 and WPMY-1 by immunofluorescent staining (Fig. 1D) . Radioligand binding assays using [Tyr 4 ]BN revealed a single class of specific high-affinity binding sites in prostates of untreated control rats (Table S1 ). We also found a single class of specific, high-affinity binding sites for GRP-R in untreated samples of cultured BPH-1 and WPMY-1 cells. The concentrations of GRP receptors and the binding affinities are shown in Table S1 .
Inhibition of Cell Proliferation and Reduction of Cell Volume in BPH-1 and WPMY-1 Human Prostate Cell Lines. In vitro, treatment with the GHRH antagonist RC-3940-II inhibited cell proliferation of BPH-1 and WPMY-1 human prostate cell lines in a dosedependent manner. In the MTS assays, the growth of BPH-1 and WPMY-1 cells was suppressed significantly by 10 μM RC-3940-II (P < 0.05) after 72 h, compared with control ( Fig. 2A) . Using flow cytometry, we observed that 5 μM RC-3940-II increased the number of BPH-1 cells with S-phase DNA content (P < 0.05) ( Fig. 1 E and F) . The GRP antagonists decreased not only the number of cell divisions but also the volume of BPH-1 and WPMY-1 cells. As a direct index of the cell volume, the intracellular water space was measured after 6 h of treatment with 10 μM RC-3940-II (Table S2 ). The antagonist reduced the volume of BPH-1 and WPMY-1 cells by 20.9% and 21.7%, respectively (P < 0.05 for all). We used 3D GRP receptor immunofluorescent microscopy on fixed BPH-1 and WPMY-1 cells to confirm these results and found that 10 μM RC-3940-II significantly reduced cell volumes by 15.5% and 15.6%, respectively (P < 0.05 for all) ( Table S2 , Fig. 3 , and Movies S1-S4). Table 1 ). Shrinkage of the rat prostate in response to RC-3940-II occurred in a dose-dependent manner: a nonsignificant 4.5% decrease with 12.5 μg/d; a 15.9% decline at the doses of 25 μg/d (P < 0.01); and an 18.4% reduction with 50 μg/d (P < 0.01) (Fig. 2B ). These reductions in prostate weight were superior to the nonsignificant 10.8% reduction obtained with finasteride at 0.07 mg·kg
. Furthermore, RC-3940-II lowered prostatic content of DNA (Table 1 ).
Molecular Changes in the Prostate After Treatment with RC-3940-II.
Levels of prostatic androgen receptor (AR) protein were significantly elevated by 104.0% in TE-induced BPH (P < 0.05); treatment with RC-3940-II at the doses of 25 or 50 μg/d significantly suppressed AR protein level by 66.0% and 63.8%, respectively (P < 0.05) (Fig. 4) . The relative expression of phosphorylated NF-κβ/p50 (pNF-κβ/p50) compared with unphosphorylated NF-κβ/p50 markedly decreased after finasteride and RC-3940-II treatment. The relative intensity (RI) of pNF-κβ/p50 decreased by 57.8% after finasteride, whereas RC-3940-II at doses of 25 or 50 μg/d, caused 72.9% and 68.5% suppression, respectively (Fig. 4 A  and B, and Fig. S1 ). The RI of pNF-κβ/p50 was increased by 57.4% in the TE control prostates.
GRP Antagonist RC-3940-II Reduces Epithelial Compartment, Inhibits
Cell Division, and Induces Apoptosis in Rat Prostates. H&E slides revealed that the mean epithelial area in the ventral prostates of TE-treated BPH control animals was significantly increased by 111% compared with untreated controls; finasteride and GRP antagonist RC-3940-II at doses of 25 and 50 μg/d markedly reduced this increase by 35%, 25%, and 33%, respectively, compared with TE-treated controls (P < 0.05 for all; Table 2 ). Mitotic cells were fewer after treatment with RC-3940-II at the dose of 25 μg/d compared with TE-treated controls (P < 0.05). Both the finasteride group and the RC-3940-II (25 and 50 μg/d)-treated groups showed significantly higher apoptotic indices by 98%, 279%, and 398% (P < 0.05), respectively, compared with TEtreated animals; the group given RC-3940-II at 50 μg/d had an even higher apoptotic index (201% increase; P < 0.05) than those treated with finasteride (Table 2) . No significant change in prostatic proliferating cell nuclear antigen (PCNA) protein levels occurred after TE treatment. The GRP antagonist RC-3940-II at the doses of 25 or 50 μg/d reduced PCNA protein by 49.9% and 45.7% (P < 0.05 for all) (Fig. 4A) .
GRP Antagonist RC-3940-II Suppresses Multiple Genes Involved in
Growth, Inflammatory Response, and Signaling. Growth factors, molecules involved in inflammatory response, and signal transduction factors were evaluated in control rats, rats with TEinduced BPH, and rats with TE-induced BPH treated with finasteride or GRP antagonist RC-3940-II using rat real-time RT-PCR arrays. We identified important molecules altered by treatment with RC-3940-II; these selected genes are potentially related to prostate shrinkage. Almost 100 genes were significantly altered after treatment with TE and RC-3940-II (P < 0.05; Tables S3-S6) .
Transcriptional levels of several growth factors, including angiogenic factors (Bmp4, Ereg, Figf, and Vegfa) were lowered by GRP antagonist RC-3940-II (P < 0.05; Table S3 ). Prostatic expression of mRNA for apoptosis regulating growth factors (Gdf5, Igf1, Il4, and Il6) were also down-regulated after treatment with RC-3940-II. The antagonist suppressed the levels of growth factors affecting cell differentiation such as Bmp3, Bmp4, Bmp5, Fgf5, Lep, Mdk, and Tff1. Levels of mRNA for other growth factors including Bmp10, Csf3, Fgf3, Fgf7, Fgf11, Fgf18, Hgf, and Igf2 were also lowered (P < 0.05 for all) ( Table S3) .
Expression of inflammatory chemokines including Ccl2, Ccl3, Ccl5-7, Ccl11, Ccl12, Ccl17, Ccl19, Ccl20, Ccl25, Cxcl1, Cxcl3, Cxcl5, Cxcl9-11, and Cxcl12 were decreased by RC-3940-II (P < 0.05) (Table S4 ). Chemokine receptors, Ccr1, Ccr3-7, Ccr10, and Cxcr3 were also suppressed (P < 0.05; Table S4 ). Numerous inflammatory cytokines, including Ifng, Il1b, Il1f5, Il5, Il6, Il10, Il11, Il13, Il15, and Il17b, were markedly decreased by the antagonist RC-3940-II (P < 0.05; Table S4 ). Among receptors for cytokines, Ilr1, Il6r, Il8ra, and Il13ra1 were also down-regulated after combination therapy (P < 0.05 for all) (Table S4) .
Using quantitative PCR arrays for signal transduction (Table  S5) , we found several putative downstream pathways responsible for effects of GRP antagonist RC-3940-II on prostate shrinkage in this model of BPH. Expression of Wnt pathway target genes, Birc5, Vegfa, and Wisp1, was significantly reduced by RC-3940-II (P < 0.05). mRNAs for Hedgehog pathway genes Bmp2 and Foxa2 were significantly down-regulated by treatment with RC-3940-II (P < 0.05; Table S5 ). Levels of TGF-β pathway-related genes including Cdkn1a and Cdkn2b were suppressed by treatment with RC-3940-II (P < 0.05). The expression of the following NF-κβ pathway genes was also markedly lowered by GRP antagonist treatment: Cxcl1, Nos2, and Vcam1. Transcriptional suppression of Jak-Stat pathway genes Irf1 and Mmp10 occurred after treatment with RC-3940-II. The expression of LDL pathway genes Ccl2 and Sele was also lowered by RC-3940-II treatment (P < 0.05 for all; Table S5 )
Discussion
The main finding of our study is that the GRP antagonist RC-3940-II reduces prostate size in a testosterone-induced model of were markedly reduced by treatment with the GRP antagonist. The expression of GRP receptor in rat prostate was demonstrated by RT-PCR and Western blot. The ligand competition assay also detected specific high-affinity receptors for GRP in rat prostate. In BPH-1 human prostate epithelial cells and WPMY-1 normal prostate stromal cells, the expression of GRP-R was confirmed by RT-PCR, immunofluorescent microscopy, and ligand competition assay. Androgen signaling is significantly elevated in BPH relative to the normal prostate (33) . In addition, prostate epithelial AR function seems to be important for macrophage-mediated epithelial-mesenchymal transition and proliferation of prostate epithelial cells (34) . A role for stromal AR/CCL3 signaling pathways in macrophage-induced prostate stromal cell proliferation was also implicated (35) . Antagonistic selective androgen receptor modulators were reported to be beneficial in experimental BPH Statistical analysis was performed by one-way ANOVA, followed by Bonferroni t test. *P < 0.05 and † P < 0.01 compared with control; ‡ P < 0.05 and § P < 0.01 compared with TE.
as well (36) . In our study, levels of AR were markedly elevated in TE-treated prostates and decreased after treatment with GRP antagonist RC-3940-II.
We showed that GRP antagonist RC-3940-II caused a pronounced decrease in activated (i.e., phosphorylated) NF-κβ/p50 and COX-2. The activation of NF-κβ is an early event in chronic inflammation (28) . COX-2 overexpression was reported in human BPH samples (28) ; GRP antagonists suppress COX-2 in experimental lung (37) and colon cancer (38) .
We used real-time PCR arrays to investigate the beneficial molecular mechanisms of GRP antagonists in a BPH model. Our investigations revealed that several growth factors were up-regulated in TE-induced BPH control rats and down-regulated in animals treated with GRP antagonist RC-3940-II. Growth factors can control the response of cells to injury and mediate the processes of cell growth, differentiation, and apoptosis. Many growth factors use autocrine or paracrine pathways to signal stromal and epithelial cells in the microenvironment (39) . The role of major growth factors that are affected by GRP antagonist was recently reviewed (28, 30) .
Our finding of transcriptional activation of inflammatory chemokines and cytokines in TE-induced BPH prostates is consistent with clinical and experimental findings and our previous observations (27) . We found that RC-3940-II markedly suppressed several of these proinflammatory molecules including many Ccl-and Cxcl-type chemokines and interleukins, which is in accordance with recent clinical studies with septic patients, where a GRP antagonist decreased NF-κβ, IL-6, and TLR-4 among many other inflammatory factors (40) . These proinflammatory molecules are part of an inflammatory network in BPH (28, 30) .
The effects of RC-3940-II were greater than those of finasteride especially on shrinkage and suppression of prostatic AR, growth factors, and proinflammatory cytokines as well as inhibition of proliferation and increase in apoptosis. Finasteride was introduced in the 1990s for the treatment of BPH. Finasteride decreases prostate volume by 15-25% because of apoptosis of the glandular epithelial compartment in both the transition and peripheral zones of the prostate (41) . In our experimental setting, the reduction of prostates obtained with RC-3940-II is comparable with the above-mentioned clinical outcomes by finasteride therapy. Therefore, we assume that GRP antagonist RC-3940-II will be efficient in later clinical trials on BPH patients. A great advantage of GRP antagonist is the lack of known adverse effects, contrary to finasteride. Because our GRP antagonist seems to have similar effects on the prostate as finasteride (prostate shrinkage through reduction in the epithelial compartment, increase in apoptosis), a combination of GRP antagonist with α-adrenoreceptor blockers (ABs) such as doxasosin would be a good choice based on information emerging from clinical trials on combinations of an 5-ARI and an AB (MTOPS, CombAT) (23) .
In summary, in this study, we demonstrated that the GRP antagonist RC-3940-II reduces prostate size in an experimental BPH model and shrinks human prostatic epithelial and stromal cells in vitro. Our findings suggest that this reduction in prostate volume and cell volume is induced by direct inhibitory effects of GRP antagonist exerted through prostatic GRP receptors, as well as by transcriptional suppression of growth factors and proinflammatory cytokines. In addition to lowered levels of prostatic PCNA and AR, we also showed a strong decrease in proinflammatory NF-κβ activation and COX-2. Antiproliferative and proapoptotic effects of RC-3940-II also have been demonstrated. These findings hint at mechanisms of action of GRP antagonists in BPH. The adverse effects of 5-ARIs and α-adrenergic blockers may encourage the development of GRP antagonists as an alternative therapy for BPH alone or in combination with other agents. (10, 15) . TE-only positive control animals received 0.1% DMSO in 10% aqueous propylene glycol solution instead of finasteride or RC-3940-II on the same schedule. Rats were killed under anesthesia on day 42; whole prostates were removed, weighed, and snap frozen. The study scheme is depicted in Fig. S2 . Animal care was in accordance with institutional guidelines and complied with National Institutes of Health policy. Additional information is provided in SI Text.
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